Background and Objective Chronic diseases are associated with pathophysiological changes that could have profound impacts on drug pharmacokinetic behaviour, with a potential need to modify the administered drug therapy. It is important to acknowledge that most patients with chronic illnesses do not have a single, predominant condition but suffer from multiple comorbidities. The rapid advancement in physiologically based pharmacokinetic (PBPK) modelling, as well as the increasing quantitative knowledge of disease-related pathophysiological changes, facilitate building of drug-disease models. However, there are only a few published examples of PBPK models incorporating the pathophysiological changes that occur with chronic diseases. The objective of this study was to develop PBPK models that incorporate the haemodynamic changes in hepatic and renal blood flows occurring in chronic heart failure (CHF) and to evaluate these changes in adults and children, using carvedilol as a model drug. Methods After a comprehensive literature search to select the model input parameters, two PBPK models were developed. Model 1 was based on human liver and intestinal microsome clearances, and model 2 was based on clearance by specific cytochrome P450 enzymes. After evaluation of both models in healthy adults, the reduced hepatic and renal blood flows were incorporated into the developed models to predict carvedilol exposure in the adult CHF population. The adult carvedilol models were scaled down to children by using Simcyp Ò (Simcyp Ltd, Sheffield, UK). In order to show the impact of reduced organ blood flows on carvedilol disposition, the predictions in the CHF population were made with and without reductions in organ blood flows. Results The predictions made by both models in healthy adults were comparable and within the 2-fold error range. In adults with CHF, the mean observed/predicted ratio [ratio (Obs/Pred) ] for oral clearance (CL/F) without reductions in organ blood flows was outside the 2-fold error range, i.e. 0.34 (95 % confidence interval [CI] 0.31-0.37), with use of both models. The mean CL/F ratio (Obs/Pred) values after incorporation of reduced organ blood flows were 1.0 (95 % CI 0.92-1.08) and 0.95 (95 % CI 0.88-1.03) with use of models 1 and 2, respectively. The mean ratio (Obs/ Pred) values for the pharmacokinetic parameters were not improved after incorporation of reduced blood flows in paediatric patients, except in those above 17 years of age, who were categorized according to the New York Heart Association classification of CHF, where the CL/F ratio (Obs/Pred) values in two patients were closer to unity. Conclusion There was a strong connection between a decrease in hepatic clearance of carvedilol and an increase in the severity of CHF, especially in adults and in paediatric patients above 17 years of age. The incorporated reductions in hepatic and renal blood flows occurring in moderate and severe CHF patients resulted in improved predictions of carvedilol exposure. The developed models M. F. Rasool and F. Khalil contributed equally to this work.
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Introduction
Chronic diseases are associated with pathophysiological changes that could have profound impacts on the pharmacokinetic behaviour of drugs, with a potential need to modify the administered drug therapy [1] . It is important to acknowledge that most patients with chronic illnesses do not have a single, predominant condition but suffer from multiple comorbidities. The rapid advancement in physiologically based pharmacokinetic (PBPK) modelling, as well as the increasing quantitative knowledge of diseaserelated pathophysiological changes, facilitate building of drug-disease models that can incorporate these changes to predict their pharmacokinetic impact [2] [3] [4] [5] [6] [7] [8] . A PBPK model that is modified according to the pathophysiology of a disease could be extended, after its evaluation, to a wide variety of drugs because of its mechanistic nature. An additional gain can be further obtained if an extrapolation from adult patients to special populations, e.g. children, occurs.
However, despite the clinical significance, there are only a few published examples of PBPK models incorporating pathophysiological changes occurring with chronic diseases [2] [3] [4] [5] [6] . Interestingly, to date, there has been no published report of a drug-disease PBPK model evaluated for predicting drug exposure in chronic heart failure (CHF) adult and paediatric patients after incorporation of reductions in organ blood flows, despite the high prevalence and the clinical importance of this disease. Instead, there are some published PBPK models that have explored drug pharmacokinetics in liver cirrhosis [2, 6] , in chronic kidney disease [3, 5, 8] and in patients with low cardiac output syndrome undergoing cardiac surgery [4] . In CHF, there is a gradual decrease in hepatic blood flow (Q H ) with increasing severity of the disease, which has previously been quantified in adults [9] . Development and evaluation of a PBPK model that can incorporate the relevant hemodynamic changes seen in CHF and that can quantify the impact of those change could be of great use. This is particularly true for drugs with high hepatic extraction ratios, as these are most vulnerable to Q H changes, resulting in a significant effect on their clearance [10] . Under intravenous administration, the change in clearance will lead to a direct change in drug exposure, while in the case of oral administration, the effect of clearance changes on exposure is more complex, as it is confounded and partly compensated by the change in bioavailability.
In light of this information, and in order to evaluate a PBPK CHF model with incorporated organ blood flow changes, a model drug being used clinically in CHF with high hepatic extraction was searched. Carvedilol, a thirdgeneration beta-blocker used in the treatment of various cardiovascular disorders, undergoes extensive first-pass metabolism with a high hepatic extraction ratio (0.7) and absolute oral bioavailability of 22-24 % [11] [12] [13] [14] . Because of its high hepatic extraction and the availability of observed clinical data in both adult and paediatric populations [13, [15] [16] [17] [18] , carvedilol could serve as a model drug to demonstrate if a PBPK disease model could accurately predict the pharmacokinetic changes occurring in CHF.
The main objective of this study was to develop PBPK models that incorporate the hemodynamic changes in hepatic and renal blood flows occurring in CHF, and to evaluate it in adults and children, using carvedilol as a model drug.
Methods

Modelling Software and Strategy for ModelBuilding
Simcyp Ò Simulator version 13.1 (Simcyp Ltd, Sheffield, UK) was used to provide the general structure of the developed PBPK models. Simcyp Ò is a population-based PBPK simulator used for bottom-up mechanistic drug modelling of absorption, distribution, metabolism and elimination (ADME). This software combines in vitro and in vivo data on drug absorption, distribution and elimination with the physicochemical properties of the drug, in addition to incorporating anatomical and physiological data, to simulate the systemic exposure to the drug in virtual healthy and diseased populations [19] .
In the presented work, two PBPK models that differed only in terms of the assigned clearance inputs were developed: model 1, with in vitro intrinsic clearance (CL int ) values based on human liver and intestinal microsomes (HLM and HIM); and model 2, based on cytochrome P450 (CYP) enzyme clearances. The choice of presenting both models was made because fewer assumptions were made with model 1; however, model 2 can offer an additional gain of information in the future by allowing the user to incorporate information on genetic polymorphisms of the metabolizing enzymes.
A systematic approach was used in developing the PBPK models, starting by screening and extracting drugspecific input parameters and clinical pharmacokinetic data from the published literature, followed by the incorporation of these data into the software and the selection of the underlying physiological models and final model parameters, and ending with the final evaluation of model predictions of drug disposition and absorption. The modelbuilding was done in a stepwise strategy similar to that reported previously [20] . In this strategy, intravenous drug application in healthy adult subjects is first simulated to avoid the complexities of the oral absorption process so that a wide range of drug-dependent parameters that govern the drug disposition, including clearance inputs and the percentage CYP enzyme contributions, are chosen or optimized. For oral application, parameters from the previous step are kept, and additional parameters that control and influence drug absorption, such as intestinal permeability, are also included. In order to do so, one third (n = 3: one intravenous and two oral) of the collected observed pharmacokinetic data in adults were used to optimize the model parameterization, two thirds (n = 6) were used later for a subsequent model verification, and all data were used in the final model evaluation. Changes of hepatic and renal blood flows observed in CHF were then incorporated into this adult model to predict carvedilol pharmacokinetics in CHF patients. At the end, the final adult CHF model was then scaled down to children, using the paediatric module of Simcyp Ò . In the adult and paediatric CHF populations, predictions were made in duplicate, using both models, i.e. with and without incorporation of the reduced organ blood flows. The workflow for the development of the PBPK models is shown in Fig. 1. 
Model Structure and Parameterization
A comprehensive literature search was performed to extract necessary in vivo and in vitro ADME data to complete the parameterization of the models. These data include, for example, the drug-specific physicochemical properties, drug clearance information and measures of drug intestinal permeability. The final set of model input parameters is summarized in Table 1 . The two developed models were similar in terms of all of the input parameters, except for the method used for assigning clearance. A detailed description of the various model components with their parameterization is given below.
Absorption
The advanced dissolution, absorption and metabolism (ADAM) model with the default values of fasting gastric emptying time (mean 0.4 h with a coefficient of variation [CV] of 38 %) and small intestinal transit time (mean 3.33 h with Weibull distribution, a = 2.92 and b = 4.04) was used to predict drug absorption [21] . The predicted human jejunum permeability (P eff,man ) of carvedilol was 1.94 9 10 -4 cm/s, which was obtained using in vitro Caco-2 permeability (P app ) data calibrated with reference values for propranolol and metoprolol [22] . In addition, the predicted absorbed fraction of carvedilol was 0.896, which is consistent with carvedilol being a highly permeable drug belonging to Biopharmaceutics Classification System (BCS) class II.
The P eff,man value was increased from 1.94 9 10 -4 to 7.4 9 10 -4 cm/s in all simulations of adult and paediatric subjects whenever carvedilol was administered as an oral suspension, because of the observed increase in carvedilol bioavailability. This optimization was achieved by comparison of the predicted pharmacokinetic parameters in healthy adults with the observed data, after administration of a 50 mg oral capsule and suspension [18] . Although fast gastric emptying of liquid dosage formulations has already been reported and can, theoretically, be a parameter to adjust [23] , it was not possible to account for the previously mentioned increase in drug absorption by only reducing the gastric emptying time.
With regard to active transport, there are some reports suggesting a possible role of P-glycoprotein (P-gp) in carvedilol disposition [17, 24] . However, the International Transporter Consortium (ITC) has stated in its guidelines and established decision trees that, when the net flux ratio of a drug in a bidirectional transport assay, such as Caco-2, is less than 2, then it is a poor or non-P-gp substrate [25] , which was the case with carvedilol (its net flux ratio is 1.3 [22] ). This suggests that carvedilol is a poor substrate for P-gp, which is in harmony with reports stating that carvedilol is a strong P-gp inhibitor but not a good substrate [26] . In light of the aforementioned information, no P-gp-specific data were incorporated into the developed PBPK models.
Distribution
The full PBPK model for the prediction of drug distribution was used in both developed models. The drug volume of Fig. 1 Workflow for the development of adult and paediatric physiologically based pharmacokinetic (PBPK) carvedilol heart failure models. ADAM advanced dissolution, absorption and metabolism, ADME absorption, distribution, metabolism and elimination, AUC last area under the systemic drug concentration-time curve from time zero to the time of the last measured concentration, CI confidence interval, CL clearance, C max maximum concentration, CYP cytochrome P450, fu P fraction of unbound drug in plasma, HIM human intestinal microsomes, HLM human liver microsomes, iv intravenous, LogP o:w octonal-water partition coefficient, P eff,-man human jejunum permeability, PK pharmacokinetic, pK a acid dissociation constant distribution at steady state (V ss ) values and the specific tissue-to-plasma partition coefficient (K p ) values were calculated by the Paulin and Theil method with the Berezhkovskiy correction [27] . As a result, the predicted V ss value of 1.69 L/kg by this method was comparable to the reported value of 1.62 L/kg 1 in the literature [18] .
Elimination
The human liver and human intestinal microsome CL int values were used for the prediction of drug clearance in model 1 [28, 29] . Model 2 used CYP enzyme CL int values calculated by the retrograde model for enzyme kinetics in Simcyp Ò . The retrograde model is one of the models incorporated in Simcyp Ò that allows the calculation of CL int values of the relevant metabolizing enzymes from in vivo measured clearance. A detailed description of this model has already been published elsewhere [30, 31] . In brief, the retrograde model utilizes an in vivo measure of the adult intravenous or oral clearance with known fractions of hepatic clearance (CL H ), renal clearance (CL R ) or any additional clearance, the unbound drug fraction in plasma (fu p ), the blood-to-plasma ratio of the drug concentrations, and Q H to calculate total hepatic CL int as given in the following equation of the well-stirred liver model (Eq. 1): ADAM advanced dissolution, absorption and metabolism, B:P blood-to-plasma, CL int intrinsic clearance, CL iv intravenous clearance, CL R renal clearance, CYP cytochrome P450, fu P fraction of unbound drug in plasma, HIM human intestinal microsomes, HLM human liver microsomes, K p tissue-to-plasma partition coefficient, LogP o:w octonal-water partition coefficient, P app in vitro permeability, P eff,man human jejunum permeability, pK a acid dissociation constant, V ss drug volume of distribution at steady state a P eff,man calculated from the P app value of a Caco-2 assay by calibration with metoprolol and propranolol, using Simcyp In a second step, this hepatic CL int value is divided between the involved hepatic elimination pathways (i.e. the different CYP enzymes), using input information about the percentage contribution of these metabolizing enzymes in drug clearance.
The contributions of the CYP enzymes that are involved in carvedilol metabolism were guided by the available evidence in the literature. It has been reported that CYP2D6 is the major contributing CYP enzyme, while CYP1A2, CYP2C9, CYP2E1 and CYP3A4 are involved with a minor role [17, 32, 33] . In the literature, there is no clear information about the relative contributions of the CYP enzymes to the total carvedilol clearance, except for that of CYP2D6 (50-62 % [17, 33] ). From the remaining CYP enzymes believed to be involved in the metabolic pathways of carvedilol, CYP1A2, CYP2C9 and CYP2E1 were reported to be of further importance [32] . In light of the aforementioned information and the fact that the relative amount of carvedilol glucuronidation is around 22 % [14] , 80 % of total carvedilol clearance was assigned to the following CYP enzymes-60 % CYP2D6, 10 % CYP1A2, 5 % CYP2C9 and 5 % CYP2E1-and the remaining 20 % was assigned to glucuronidation as additional clearance. A CL R value of 0.25 L/h was used in both models 1 and 2 [34] .
Three different uridine diphosphate glucuronosyltransferase (UGT) enzymes are believed to be involved in the metabolism of carvedilol: UGT1A1, UGT2B4 and UGT2B7. In the literature, there is no clear information about their individual relative contributions to the metabolic clearance of carvedilol; therefore, the collective impact of these UGT enzymes was reflected in an assigned additional clearance, which constituted about 20 % of the total carvedilol clearance. This is in a good agreement with the reported values of 20-23 % in healthy adults [14] .
In model 1, a CV of 30 % was assigned to HIM and HLM CL int . In model 2, a CV of 30 % was assigned to the additional clearance, whereas for the CYP enzyme CL int values obtained by the retrograde model, the observed variability was due to variations in the physiological and anatomical variables, such as liver weight, microsomal proteins per gram of liver, abundance of each specific CYP enzyme, cardiac output and Q H .
CL H was predicted from the well-stirred liver model [35] , using Eq. 2:
The Q H changes occurring in CHF were incorporated into the model for prediction of the disposition of carvedilol in patients with CHF. The oral bioavailability (F) was predicted by using Eq. 3:
where F a is the fraction of the drug absorbed, F g is the fraction escaping metabolism in the gastrointestinal tract and F h is the fraction escaping hepatic metabolism.
Model Scaling to Children
Only when the adult CHF models were shown to predict carvedilol pharmacokinetics adequately were they scaled to the children by using the paediatric module of Simcyp Ò . This module of the program incorporates a wide variety of age-specific physiological and anatomical parameters, which facilitates the paediatric scaling of drug clearance on a physiological basis. Because of the use of an oral suspension of carvedilol in both paediatric clinical trials [15] , an optimized value of P eff,man was used in all paediatric predictions, as in the adults who were administered the oral suspension of carvedilol. The paediatric module of the program also accounts for the age-related changes occurring in the total body composition, when predicting distribution of drugs [36] . The key determinants for predicting drug clearance in the paediatric module are the age-specific changes occurring in plasma protein binding, blood volume, organ blood flows, organ sizes and ontogeny, and the abundance of hepatic CYP enzymes [36] . In model 2, the ontogeny profiles of the CYP enzymes were incorporated by default within the program, but in model 1, in order to create an ontogeny profile similar to that of model 2, a customized ontogeny profile was created by addition of the fractional contributions of the CYP enzymes with their respective ontogenies [32, 33, 37] . All of the paediatric patients were diagnosed with CHF, and the reductions in hepatic and renal blood flows were incorporated into the paediatric models by categorization of the patients into different CHF categories, according to their modified Ross scores [38] .
Changes in Blood Flow to Eliminating Organs in Heart Failure
The liver and kidney are the main organs of drug elimination from the human body; therefore, changes in the blood flows to these organs are of pharmacokinetic importance. In adult heart failure patients, the reduction in Q H is known to increase with increased severity of the disease [9] . In brief, these organ blood flow reductions occurring in adult heart failure patients were quantified after measurement of the hepatic and renal plasma flows in healthy and heart failure patients by administration of doses of intravenous indocyanine green and intravenous p-aminohippurate and measurement of their respective clearances [9] . The quantified reductions were 23.5, 46.2 and 53.7 % of normal Q H in mild, moderate and severe CHF patients, respectively [9] . Moreover, the reduction in renal blood flow was also shown to be greater with increased severity of CHF; however, this reduction is not absolutely linear when we move from moderate to severe CHF, as it has been reported to be around 22.2, 45 and 37.1 % of normal blood flow in mild, moderate and severe CHF patients, respectively [9] . In adult patients, the New York Heart Association (NYHA) functional classification system provides a simple way of classifying the severity of CHF [39] , where, for example, NYHA class II reflects mild CHF and class III reflects moderate CHF, whereas class IV stands for severe CHF [39] . As a result, the reported reductions in blood flows to the liver and the kidney could be directly correlated in adults with the NYHA classification. In order to predict drug exposure in CHF patients, using a PBPK model, these reductions in organ blood flows were assigned to the simulated virtual populations within Simcyp Ò by reduction of the percentage blood flows to the liver and kidney, respectively. When the drug exposure in a population comprising NYHA class III (moderate CHF) and class IV (severe CHF) patients had to be predicted, the mean organ blood flow reductions in moderate and severe CHF from the reported values were used [9] , i.e. reductions of 49.9 and 41 % of the normal hepatic and renal blood flows, respectively.
In paediatric CHF patients, because of the difficulty in assessing physical activity, the NYHA classification is not used to assess the severity of the CHF; instead, the Ross score is the system commonly used in children [40] . According to the Ross score, a score of 0-2 categorizes the patient as asymptomatic, 3-6 as having mild CHF, 7-9 as having moderate CHF and 10-12 as having severe CHF [38, 40] . As there were no experimental data available to quantify the reduction of hepatic and renal blood flows in paediatric CHF patients and to correlate them with the paediatric CHF classification system, the proposed changes in the paediatric CHF model were adopted from the previously mentioned adult values [9] . The relative reductions in the organ blood flows and their associations with the severity of CHF according to the NYHA classification and the Ross score are shown in Fig. 2. 
Pharmacokinetic/Clinical Data
In Adults
The Medline database was screened for pharmacokinetic studies of carvedilol in healthy adults and CHF patients with known age, sex, height or weight data, clear dosing information and reported systemic drug concentration-time profiles. As a result, pharmacokinetic data from four different clinical studies in healthy subjects (3 studies totalling 41 subjects) and CHF patients (one study of ten patients with NYHA class III and ten patients with class IV CHF) were used in the adult model development and evaluation [13, [15] [16] [17] . These studies provided a total of nine data sets (five data sets in healthy subjects and four data sets in CHF patients) ( Table 2) . Each experimental data set represented a mean or median observed concentration-time profile in an average of 18 subjects who received either intravenous or oral doses of carvedilol. The average number of observed concentrations in these data sets was 13 (the total number was 122). These data sets were either provided by the author [15] or scanned from the publications' figures [13, 16, 17] , using the digitizer tool in the data analysis and graphing software OriginPro Ò version 9.0 (OriginLab, Northampton, MA, USA). In addition, one study that reported only the pharmacokinetic parameters, but not the concentration-time profiles, after administration of oral suspension in healthy subjects was additionally used in the comparison of the observed and predicted values of the chosen pharmacokinetic parameters [18] .
In Children
Two clinical data sets, including 32 paediatric CHF patients of different age groups with known age, sex, height and weight data, dosing information, Ross scores and measured plasma profiles were used (Table 3 ) [15] . The ages of the patients ranged from 43 days to 19.3 years (average 7.3 years), and they received either a 0.09 mg/kg single dose or 0.35 mg/kg steady-state doses of oral carvedilol for the treatment of CHF. The average number of measured concentrations in each patient was 12 (the total numbers were 197 and 202 for single-dose and steady-state sampling). In our paper, no explicit paediatric age groups were used, as the total number of the included paediatric patients was relatively small, with an unequal distribution between the different paediatric age subcategories. Whenever the term ''children'' is used, this refers to the entire paediatric age group ranging from birth to 18 years. The 19.3-year-old patient has been shown separately in the results, as this patient was out of the paediatric age range according to the guidelines set by the World Health Organization (WHO).
Model Evaluation
The simulations were performed by creation of a virtual population of 100 subjects for each clinical data set with the same age range, proportion of females, fluid intake and fasting/fed states as those in the reference clinical studies. The predictions performed with greater numbers of virtual individuals (500 or 1000) produced no significant differences in comparison with the previous results (100 virtual individuals); therefore, as reported in other model-based PBPK studies [41] [42] [43] , a virtual population of 100 individuals was always used for comparison with the observed profiles. Patient/population-specific genotype data were available from two clinical studies [15, 17] , and the simulated virtual populations with use of model 2 had the same frequencies of genotypes as those in the reported clinical studies. Fig. 2 Changes in hepatic and renal blood flows in patients with heart failure, as incorporated into the developed physiologically based pharmacokinetic heart failure models of carvedilol. The presented data are taken from Leithe et al. [9] . NYHA New York Heart Association class The evaluation of the developed PBPK models was performed by visual predictive checks and a comparison of the observed and predicted values of various pharmacokinetic parameters. In the visual predictive checks, the complete observed systemic drug concentration-time profile was overlaid on the predicted values so that a direct visual comparison could be made.
For the comparison of pharmacokinetic parameters, a non-compartmental analysis (NCA) was performed for each observed profile and its corresponding predicted value in each model (i.e. using the predicted values at the same time points), using Phoenix WinNonLin Ò version 6.3 software. The area under the systemic drug concentrationtime curve from time zero to the time of the last measured concentration (AUC last ) was calculated via the linear trapezoidal rule. The maximum concentration in a profile was defined as C max , and the clearance (CL for intravenous application and CL/F for oral application) was calculated by division of the given dose by the calculated AUC last .
Following the NCA, the observed/predicted ratio (ratio Obs/Pred ) values for the pharmacokinetic parameters were then calculated, and the final results were reported as mean ratio (Obs/Pred) values with 95 % confidence intervals (95 % CIs).
To the best of our knowledge, there are no clear guidelines regarding the error range that should be used during the evaluation of predictions obtained by PBPK models. The range most commonly used by researchers in this field is a 2-fold error range [3, 20, [44] [45] [46] [47] . Others have also used a wider (3-fold) range [48] or a stricter (1.5-fold) range [49] . In our case, and because the models were used to perform predictions in both adults and children, and because of the high variability observed in the reported pharmacokinetic parameters of carvedilol, a 2-fold error range was used and was considered to be adequate. Moreover, goodness-of-fit plots, population-predicted versus population-observed plots, residuals versus population-predicted plots and residuals versus time plots were used for identifying systemic errors in the developed models.
Depending upon the reported values of the pharmacokinetic parameters, the predicted mean or median values of the pharmacokinetic parameters were used for comparison and calculation of ratio (Obs/Pred) values.
Results
Healthy Adults
The observed and predicted systemic drug concentrationtime profiles after the administration of intravenous and oral carvedilol in healthy adults are shown in Fig. 3 , and the residual plots are shown in Fig. 4 . The results from both models were in good agreement with the observed data irrespective of the administered doses of 5-12.5 mg of intravenous carvedilol and 6.3-50 mg of oral carvedilol. However, model 2 was superior to model 1 in terms of capturing the absorption phase, as model 1 tended to slightly overpredict early drug concentrations. This was further confirmed during comparison of the pharmacokinetic parameters, as the resultant mean AUC last ratio (Obs/ Pred) values after intravenous application were 1.12 (95 % CI 1.01-1.22) and 0.97 (95 % CI 0.78-1.16), using models 1 and 2, respectively, and after oral application they were 0.80 (95 % CI 0.51-1.11) and 0.94 (95 % CI 0.65-1.23), using models 1 and 2, respectively. In addition, the calculated mean ratio (Obs/Pred) values for AUC last , C max , CL and CL/F were within the defined 2-fold error range (Fig. 5a-c) .
Adult Heart Failure Patients
The observed and predicted systemic drug concentrationtime profiles after administration of steady-state oral doses of carvedilol (6.25-50 mg) in NYHA class III and class IV CHF patients are shown in Fig. 3 . The visual predictive checks show a substantial improvement in the predictions after incorporation of reduced organ blood flows in the models. The mean AUC last ratio (Obs/Pred) values without adjustment of the organ blood flows were outside the 2-fold error range in both models, i.e. Fig. 5a -c. Similar results were seen after further categorization of the CHF patients into NYHA class III and class IV subgroups. The developed models were capable of predicting carvedilol exposure in NYHA class III and class IV patients, as can be seen by the mean ratio (Obs/Pred) values and their 95 % CIs (Fig. 5d-f) . Despite the fact that the predicted concentrations in both models were within a 2-fold error range (Fig. 4) , it can be noticed that model 1 tended to overpredict drug concentrations in the absorption phase at all dosage levels, whereas model 2 predictions were in closer agreement with the observed data.
Similarly, the mean CL/F ratio (Obs/Pred) values without reduction of organ blood flows were outside the 2-fold error range, i.e. 0.34 (95 % CI 0.31-0.37), in both models, and were significantly improved to 1.0 (95 % CI 0.92-1.08) and 0.95 (95 % CI 0.88-1.03) in models 1 and 2, respectively. The predicted bioavailability (F) and F h decreased with a decrease in Q H (increase in severity of CHF). The predicted effect of the decreased Q H on carvedilol CL/F and bioavailability in the different stages of heart failure can be seen in Fig. S1 in the Electronic Supplementary Material.
Paediatric Heart Failure Patients
Carvedilol exposure after single and steady-state doses of 0.09 and 0.35 mg/kg, respectively, was predicted using both models in the entire paediatric age range (see Fig. S2 in the Electronic Supplementary Material). It can be seen that both models were able to describe the individual plasma concentration-time points; however, model 2 was again better when compared with model 1, with a greater number of observed plasma concentration-time points within the maximum and minimum prediction range (*93 % for model 2 versus *86 % for model 1). c Fig. 3 Comparison of observed and predicted systemic carvedilol concentration-time profiles in healthy subjects and heart failure patients after intravenous (iv) or oral drug dosing. Healthy adults, iv application: a, b 5 mg [17] , c, d 12.5 mg [13] . Healthy adults, oral application: e, f 0.09 mg/kg [15] , g, h 25 mg [13] , i, j 50 mg [13] . Heart failure patients, oral application: k, l 6.25 mg [16] The individual predictions made by model 2 after administration of a single oral dose of carvedilol 0.09 mg/kg to 15 paediatric patients and one young adult are shown for a visual predictive check in Fig. 6 , with and without reduction of organ blood flows. In addition, the residual plots are given in Fig. 7 . In general, the model was able to Fig. 5 Comparison of observed and predicted values of the area under the systemic drug concentration-time curve from time zero to the time of the last measured concentration (AUC last ), the maximum concentration (C max ) and calculated oral drug clearance (CL/F) in healthy adult and heart failure populations. Results are presented as individual and mean observed/predicted ratio [ratio (Obs/Pred) ] values with 95 % confidence intervals (95 % CIs), using model 1 and model 2. a-c Filled circles indicate healthy adults, filled squares indicate heart failure patients without renal and hepatic blood flow reductions, and inverted filled triangles indicate heart failure patients with renal and hepatic blood flow reductions. d-f Filled circles and filled squares indicate heart failure patients in New York Heart Association (NYHA) class III and class IV, respectively, without renal and hepatic blood flow reductions; inverted filled triangles and diamonds indicate heart failure patients in NYHA class III and class IV, respectively, with renal and hepatic blood flow reductions. The grey shaded areas indicate 2-fold error ranges. iv intravenous, n number of data sets predict carvedilol concentrations accurately in all patients above 1 year of age (12 out of 16). For the one patient with symptomatic CHF (a Ross score of 0-2), no changes in blood flows were incorporated; therefore, there was no change to be seen in the visual predictive check. For the ten paediatric patients with mild CHF, nine were with Ross scores of 3-6, the incorporation of blood flow reductions did not improve the predictions in these patients but improvement was seen in one patient classified with NYHA class II (see also the pharmacokinetic comparison). Concerning the four patients with moderate CHF, the model predictions were better without organ blood flow reductions in those patients classified with Ross scores (n = 2, with scores of 7-9), whereas in the remaining two who were classified as being in NYHA class III, the prediction was clearly improved in one patient (19.3-year-old patient) but no improvement was seen in other NYHA III patient (17.8-year-old patient) with reductions in organ blood flows.
The mean AUC last ratio (Obs/Pred) values and 95 % CIs after administration of a single dose (0.09 mg/kg) of carvedilol were 0.98 (95 % CI 0.68-1.28) and 1.0 (95 % CI 0.7-1.30) without incorporation of reduced organ blood flows. There was no improvement seen in the prediction capability of both models with reduction of organ blood flows, after administration of single and steady-state doses of carvedilol, as the calculated ratio (Obs/Pred) values for AUC last , C max and CL/F were further away from unity (Fig. 8) . The previous finding that predictions in adult CHF patients, classified with NYHA system improved after reduction of organ blood flows was also seen here in two patients (17.5 years NYHA II and 19.3 years NYHA III). The observed carvedilol CL/F increased with age after administration of the single dose of 0.09 mg/kg, starting from 9.20 L/h in a patient aged 0.12 years and reaching up to 110 L/h in a patient aged 19.3 years. When the CL/ F was normalized for weight, a decrease was seen with increasing age, as it decreased from 2.94 L/h/kg at the age of 0.12 years to 1.12 L/h/kg until the age of 19.3 years, which is a reflection of the incorporated knowledge of enzyme ontogeny in the modelling software. A similar trend was seen after administration of steady-state target doses of carvedilol. The developed models were capable of capturing the age-related changes in carvedilol CL/F after single and steady-state administration (see Fig. S3 in the Electronic Supplementary Material).
Discussion
In this study, reduced hepatic and renal blood flows were incorporated into whole-body PBPK models to predict carvedilol exposure in CHF patients. Both of the developed models were able to describe carvedilol pharmacokinetics in adults and paediatric subjects over 1 year of age, but model 2 was shown to be superior to model 1 in its predictive performance. The incorporation of the reduced hepatic and renal blood flows into the developed CHF models resulted in a significant improvement in predictions of drug exposure in adult patients. Conversely, the incorporated blood flow reductions did not result in any improvements in the paediatric CHF patients, except in those patients who were categorized according to NYHA classification of heart failure (NYHA II and NYHA III) as in adults.
Following the implemented strategy of model development, the presented models were first parameterized and evaluated in healthy adults. The results showed accurate prediction of carvedilol exposure over a wide range of administered intravenous and oral doses (Figs. 3, 4, 5) , which supported the ability of the models to account for the various processes governing drug absorption and disposition. The predicted bioavailability in healthy volunteers was in the range of 15-27 % according to both models, which was quite close to the reported values of 22-24 % [18] . Furthermore, the mean AUC last ratio (Obs/Pred) values in healthy adults were within the 2-fold error range, i.e. after intravenous application: 1.12 (95 % CI 1.01-1.22) and 0.97 (95 % CI 0.78-1.16), using models 1 and 2, respectively; and after oral application: 0.80 (95 % CI 0.51-1.11) and 0.94 (95 % CI 0.65-1.23), respectively.
In CHF, hepatic and renal blood flows decrease with increasing severity of the disease [9] . Incorporation of these reductions improved the model predictions significantlyfor example, the mean AUC last ratio (Obs/Pred) values changed from 2.33 (95 % CI 2.02-2.63) to 0.79 (95 % CI 0.69-0.90) and from 2.65 (95 % CI 2.29-3.01) to 1.03 (95 % CI 0.89-1.16), using models 1 and 2, respectively. The extensive first-pass effect and the high hepatic extraction ratio of carvedilol [11, 13, 18] imply that changes in Q H , as seen in CHF, will influence its first-pass and systemic hepatic metabolism-and thus its bioavailability and total exposure. The reduced Q H will lead to an increase in first-pass metabolism, with a subsequent decrease in drug bioavailability (because of higher hepatic extraction during the first pass) and a decrease in the systemic clearance of the drug. The reduction in carvedilol bioavailability and CL/F with the increased severity of CHF was clearly seen in the predictions (see Fig. S1 in the Electronic Supplementary Material). On the other hand, the CL R of carvedilol is only about 1-2 % [13, 34] of its total clearance; therefore, the change in the latter can clearly be attributed to the decrease in CL H . The ratio (Obs/Pred) values and 95 % CIs for the pharmacokinetic parameters after further subdivision of the adult CHF patients into NYHA class III and class IV categories supported our hypothesis that the incorporated reduced hepatic and renal blood flows in the developed models are associated with the NYHA classification of CHF (Fig. 5) .
The previously presented and evaluated models in adults formed the basis for extrapolation of carvedilol pharmacokinetics to children on a physiological basis, using the paediatric module in Simcyp Ò . The developed paediatric models, which incorporate a wide range of age-specific information, were capable of reflecting carvedilol exposure after single and steady-state doses in the paediatric age range (see Fig. S2 in the Electronic Supplementary Material). However, it was noticed that the models tended to generally overpredict the drug concentrations in those patients under 1 year of age, with or without incorporation of blood flow reductions. An overprediction of drug concentrations in this age group was previously reported when child-specific PBPK models were used to predict the pharmacokinetics of drugs when they were given orally [20] , which was mostly attributed to age-specific information gaps in the parameterization of the integrated absorption models. Second, in contrast to the adult patients, the improvement in the model predictions with incorporation of blood flow changes was limited to a few cases, as is discussed below.
Ten out of the 14 paediatric CHF patients who were included in the clinical trial were diagnosed with mild CHF-nine patients according to the modified Ross scoring system and one patient according to the NYHA classification. For patients categorized with Ross score, no substantial improvement in predictions were seen, on the other hand prediction was improved in one patient who was staged NYHA II when reduced organ blood flows were incorporated (Fig. 6 ). These findings could suggest that the pharmacokinetics of carvedilol in young children may not be affected in mild CHF as they are in moderate or severe CHF. On the other hand, no improvement was seen when the model was modified for blood flow changes in the only patient with severe CHF, as indicated by a Ross score of 10, whereas clear improvement was only seen in 19.3 years patient staged as NYHA class III and the 17.8 years patient staged as NYHA class III was better described without organ blood flow reductions. As a result, an assumption that the Ross scoring system is poorly correlated with the reductions in organ blood flows in comparison with the NYHA classification for grading CHF cannot be completely excluded. In the modified Ross score system, different subjects with different symptoms may end up having the same score and CHF category. Among the six categories used for classification of paediatric patients according to the modified Ross scoring system, three are related to breathing, which may result in undermining of the other symptoms associated with CHF in paediatric patients [50] . In addition, the aetiology and the pathophysiology of CHF are different in adults when compared with children, especially in the first few years after birth. Children have higher heart rates [51] than adults [52] , which decease with age after birth and become comparable to those of adults at the age of 18 years [51] ; therefore, children may have a greater capacity to compensate for a decrease in cardiac output. Our paediatric disease model is based on the adult heart failure model with its incorporated reductions in organ blood flows, because in paediatrics, we are not aware of any study that has quantified hepatic and renal blood flow reductions with respect to different stages of heart failure in paediatric patients. Therefore, these adult quantifications may not be completely true for children. Finally, children also have a higher percentage of liver weight to total body weight when compared with adults [53] , which may lead to a higher drug clearance capacity (by rapidly maturating and abundant metabolizing enzymes), and decreased Q H may not have the same impact on drug clearance as it does in adults.
The observed weight-normalized carvedilol CL/F decreased in paediatric patients with increasing age (from 43 days to 17.8 years). This was due to the fact that infants have a liver weight of around 4 % of their total body weight, which decreases to about 2 % in adults [53] . Moreover, CYP2D6 is the major enzyme involved in carvedilol metabolism (*60 %), and it achieves more than 50 % of its adult activity within the first month of life [37] . Another enzyme that plays a minor role in carvedilol metabolism is CYP2C9, which also has a fast ontogeny; therefore, it was previously reported that significantly higher weight-normalized doses, as compared with those used in adults, are required in young children receiving drugs that are primarily metabolized by this enzyme [54] . Furthermore, the decrease in carvedilol CL/F can also be attributed to decreases in organ blood flows, as improvement in predictions were seen with incorporation of reduced organ blood flows in patients within the adolescent age group (Fig. 6) . The developed paediatric models were capable of capturing the age-specific changes in carvedilol clearance, as the mean CL/F ratio (Obs/Pred) values after administration of a single dose of carvedilol, without incorporation of reduced organ blood flows, were 1.44 (95 % CI 0.77-2.11) and 1.43 (95 % CI 0.72-2.14) with use of models 1 and 2, respectively (Fig. 8) .
Despite the fact that the already incorporated ontogeny profiles for each of the individual CYP enzymes gave model 2 a clear advantage over model 1 through its ability to incorporate enzyme-specific genotype data, the predicted results obtained by both models were very similar. One reason could be that the customized ontogeny profile that was assigned in model 1 is based on the ontogeny data of each of the individual enzymes used in model 2. A second reason is that the additional superiority of model 2 could have been clearer if population-specific enzyme genotype data had been included for all of the clinical studies that were used. In our study, this was done in the simulations of just two clinical studies [15, 17] .
Limitations
Some of the carvedilol concentration-time profiles observed in adults were scanned from the publications' figures rather than being obtained from their sources. However, the difference seen between the reported pharmacokinetic parameters in the original papers and those calculated by us using the scanned profiles was negligible and therefore of no significance to the model evaluation results. In addition, the adult CHF model was evaluated only with NYHA class III and class IV patients, but this was because of the availability of only one pharmacokinetic study of carvedilol in CHF patients.
The absorption (ADAM) model used for paediatric simulations was not completely parameterized with agespecific information for all of the anatomical and physiological factors that may influence drug absorption. For example, the model contains information on age-related changes in intestinal length, diameter, blood flows and intestinal CYP enzymes but no information on changes in gastric and intestinal pH, bile secretion, transporters and gut fluid dynamics. This reflects the fact that paediatric drug absorption in PBPK modelling software is an area of ongoing research; therefore, the presented paediatric results must be judged in this context. The fluid intake with the dose was not modified according to the age of the paediatric subjects; however, no relevant impact on the results from the four infants under 1 year of age was seen. The assigned P eff,man value was not changed with age, and so a similar passive diffusion of the substance was assumed in adults and children.
The role of the three different UGT enzymes involved in carvedilol metabolism was assigned collectively as an additional clearance. Since each of these pooled UGT enzymes possesses a different ontogeny profile, and we have no clear information about their individual contributions, no specific ontogeny was assigned to this collective value. This could be a limitation in model 2 and an aspect for improvement of the model in the future.
Finally, in the presented models, we assumed that organ blood flow reductions in paediatric heart failure patients were similar to those in adults, as no specific clinical information was available for the paediatric population.
Conclusion
PBPK models incorporating hepatic and renal blood flow changes were developed and evaluated for their ability to predict carvedilol exposure in both adults in children. The incorporation of reduced blood flows into the developed PBPK models significantly improved the prediction of pharmacokinetic parameters of carvedilol in adult CHF patients and established a clear relationship between organ blood flow reductions and the severity of CHF assessed by the NYHA classification of CHF. The predictions in paediatric patients with CHF were not improved with reductions in organ blood flows, and it was hypothesized that the paediatric system for assessing the severity of heart failure (the Ross score) was not as well correlated with the organ blood flow reductions occurring in the disease as the NYHA classification. Since the majority of the paediatric patients in the clinical trial were diagnosed with mild heart failure (with Ross scores of 3-6), it was assumed that the pathophysiology of the disease in young children is different in mild CHF; this assumption was further strengthened when the organ blood flow reductions in children above 17 years of age, assessed by the NYHA classification, resulted in improvements in the predicted pharmacokinetic parameters. However, these results cannot be generalized to all of the paediatric CHF patients, taking into consideration the small sample size of the paediatric clinical trial data used for model development and, secondly, in terms of the severity of disease, the participants were not evenly distributed throughout the paediatric age range. In order to draw a definite conclusion regarding the role of reduced organ blood flows in children, there is a need for further evaluation with additional clinical pharmacokinetic data in paediatric patients with different degrees of CHF.
Because of the mechanistic nature of the presented PBPK models, they could be extended to other high-extraction drugs in heart failure patients, or they could serve as a basis for development of a PBPK model of carvedilol and similar high-extraction drugs in special populations, such as geriatric patients, patients with renal insufficiency or patients with liver failure.
